Abstract It is often difficult to control hydrogen bond interactions in small molecule compounds that model metalloenzyme active sites. The imidazole-containing ligands 4,5-dicarboxyimidazole (H 3 DCBI) and 4,5-dicarboxy-N-methylimidazole (H 2 MeDCBI) allow examination of the effects of internal hydrogen bonding between carboxylate and imidazole nitrogen atoms. A new series of mononuclear manganese imidazole complexes have been prepared using these ligands: (6), and Mn(IV)(dtsalpn)(H 2 DCBI)PF 6 (8). Complexes 1, 2, 3, 5, and 6 have been prepared by direct reaction of salpn [salpn=(salicylideneaminato)-1,3-diaminopropane)] or dtsalpn [dtsalpn=(3,5-di-t-butylsalicylideneaminato)-1,3-diaminopropane)] and H 3 DCBI and H 2 MeDCBI with Mn(III) acetate, while complexes 4 and 8 were made by bulk electrolysis of complex 3 or 6 in dichloromethane. Complexes 1, 2, and 6 were characterized by X-ray diffraction. The impact of hydrogen bonding interactions of the complexes has been demonstrated by X-ray diffraction, cyclic voltammetry, and EPR spectroscopy. In all complexes the central metal ion is present in a six-coordinate geometry. Magnetic susceptibility measurements confirm the spin and oxidation states of the complexes. The cyclic voltammograms of 3 and 6 in dichloromethane reveal single, reversible redox waves with E 1/2 =600 mV and 690 mV, respectively. The X-band EPR spectrum of 4 shows a broad signal around g=4.4, and the corresponding complex 8 possesses a broad signal at slightly lower field (g=5.5) than 4. These studies demonstrate that even small changes in the effective charge of the imidazole ligand can have a profound impact on the structure, spectroscopy, and magnetism of manganese(IV) complexes. We use these observations to present a model that may explain the origin of the g=4.1 signal in the S 2 state of photosystem II.
Introduction
The recognition that manganese is an important element in biology has increased dramatically over the past two decades. Originally, manganese was thought to serve simply as a divalent ion, similar to magnesium, in complexes with nucleotide di-and triphosphates. However, with the discovery that manganese is the essential component for water oxidation in the oxygen-evolving complex (OEC) [1, 2, 3, 4] and oxygen metabolism in human mitochondria via the manganese superoxide dismutase [5] , this element became an important contributor to metalloenzymology. We now know that manganese can be found in a variety of enzymes as mononuclear [6, 7, 8] , binuclear [9, 10, 11] , or tetranuclear centers [12, 13] . The relevant biological oxidation states for the metal are Mn(II), Mn(III), and Mn(IV). It is also possible that a formal Mn(V) oxidation state may be important in the OEC.
The OEC has multiple enzymatic oxidation levels that are termed S states. The most reduced form of the enzyme is S 0 and the most oxidized form, capable of producing dioxygen, is S 4 . While the S 0 , S 1 , and S 2 states have been probed using EPR spectroscopy, the S 2 state is the most complex of the five S states. Depending on the conditions that form S 2 , one can either observe a multiline signal centered at g=2 [4, 14] or a broad, lowfield signal occurring at approximately g=4 [15, 16] . The multiline signal arises from an S=1/2 ground state of a mixed valent, tetranuclear Mn cluster with oxidation levels thought to be Mn(III)Mn(IV) 3 [17] . The same nuclearity and oxidation states are thought to apply to the cluster that generates the g=4.1 signal; however, this center appears to have an S=5/2 ground state [18] . There are several ways to convert between conditions that form the multiline and g=4.1 signals. These methods include the temperature of illumination of the reaction center [19] , the presence of small molecules such as ammonia [20] or fluoride [21, 22] , and the presence of contaminating IR illumination [23, 24, 25, 26, 27, 28, 29] . Various explanations for the different signals have included causing a trapped protonation state of the cluster [30] , physically changing the conformation of the cluster, or having valence/spin state isomers that are photoinduced [31, 32] . However, to date the precise explanation for these different signals is at best obscure.
In every structurally defined manganese enzyme [6, 7, 8, 9, 10, 11, 12, 13] , imidazole serves as a donor to the metal. While the recent low-resolution X-ray structure [33] of photosystem II does not provide the identity of manganese ligands, spectroscopic studies have addressed this point. Using pulsed EPR techniques, Tang et al. [34] have shown that imidazole must be bound to at least some of the Mn ions in the OEC. These workers could not assess whether there were at least two different binding modes for unidentate imidazole coordination or whether a single imidizolate acted as a bridge between two Mn ions. Furthermore, X-ray studies have proven that imidazole binds to the manganese ions of serine/ threonine protein phosphatese-1 [35] , arginase [36] , catalase [9, 10] , and superoxide dismutase [6] . In all of these cases the imidazole is bound as a unidentate ligand which can form hydrogen bonds to other protein residues.
Despite the ubiquitous presence of Mn-imidazole ligation, the number of model compounds that have imidazole as a ligand are relatively scarce [37, 38] . We have recently employed the ligand 4,5-dicarboxyimidazole (H 3 DCBI), shown in Fig. 1 , to form bi-and trinuclear manganese complexes. These compounds assess whether an imidazolate may serve as a bridging ligand between manganese ions in the OEC using a structural motif that is analogous to that seen in Cu/Zn superoxide dismutase [39, 40] . Through this imidazolate bridging motif, we were capable of preparing [(salpn)Mn(DCBI)Mn(salpn)] + which, due to the weak antiferromagnetic exchange coupling, was the first Mn(IV) 2 complex that exhibited an X-band EPR spectrum [41] . In addition to containing two well-defined metal binding sites, the H 3 DCBI ligand also presents carboxylate groups that may form internal hydrogen bonds to one another and also to the imidazole nitrogen atoms. Such an internal hydrogen bond network allows us to investigate the impact of hydrogen bonding on the structure and physical properties of manganese-imidazole species.
We report herein several new manganese-imidazole complexes in the +3 and +4 oxidation levels. In addition to having different oxidation states, these manganese complexes exhibit different carboxylate protonation states and may have the imidazole nitrogen alkylated. These different derivatives allow us to assess the structural changes that are associated with different extents of hydrogen bonding to the imidazole nitrogen. Based on these results, we will consider whether changes in the protonation state of the manganese cluster could be responsible for the different EPR spectral features of the S 2 state of the OEC.
Materials and methods
All solvents used in these studies were obtained from Fischer in HPLC grade. Methylene chloride (CH 2 Cl 2 ) was distilled once over calcium hydride prior to use. Acetonitrile (MeCN) was stirred over calcium hydride and anhydrous copper sulfate for 24 h and then distilled from phosphorus pentoxide before use. IR spectra were measured as KBr pellets on a Nicolet 5DX spectrometer. UV-visible spectra were measured on a Perkin-Elmer Lambda 9 spectrometer with a PC data station for acquisition. Temperaturedependent magnetic susceptibility data were measured using a Quantum Design 2000/2010 SQUID magnetometer and corrected for diamagnetic contributions using Pascal's constants for diamagnetic atoms and ions. X-band EPR spectra were measured on a Bruker ER-200E spectrometer with a TE 102 cavity using a Varian liquid nitrogen cryostat to control temperature at 110 K. Sub-77 K temperature control was maintained by an Oxford Instruments liquid helium cryostat. Electrochemistry data were collected on a BAS CV-27B potentiostat with chart recorder. Bulk electrolyses were performed using a BAS 100 electrochemical analyzer. The FAB mass spectra were recorded on a VG 70-250-S mass spectrometer/DATA systems using argon/xenon (8 kV, 1 A) as the FAB gas and m-nitrobenzyl alcohol (NBA) as the matrix. It was equipped with the standard VG FAB ion source and an Ion Tech Saddle-field atom gun. Single-crystal X-ray diffraction experiments on 1 (see below) were performed on a Siemens P4 automated diffractometer equipped with a LT-2 low-temperature apparatus at -75°C and graphite monochromatized Mo K a radiation (k=0.71073 Å ). Green blocklike crystals were grown from a solution of DMF/diethyl ether at room temperature. A crystal of dimensions 0.22·0.20·0.16 mm was lightly coated with Paratone-N oil and flash frozen on a glass fiber. Reflection indexing and cell constants are based on a matrix of 42 well-centered reflections in the range 10.2° ‡2h ‡24.9°. Additional details: scan method, h/2h; scan rate, variable 2-5 deg/min; background to scan ratio, 0.5; 2h scan range, 5-52 (h: -1/12; k: -1/11; 1: -31/31); 6234 reflections measured; merged to 4705 unique reflections; R int =0.0320; no correction for absorption. The structure was solved by direct methods and 427 parameters were refined in a full matrix with the program SHELXTL PLUS [42] . All non-hydrogen atoms were allowed to refine anisotropically with hydrogen atoms placed in idealized positions or allowed to refine isotropically. Neutral atom scattering factors and corrections for anomalous dispersion were taken from published data [43] . Table 1 contains further crystallographic details.
Single-crystal X-ray diffraction experiments on 2 (see below) were performed on a Syntex P2(1) automated diffractometer at 23°C with graphite monochromatized Mo K a radiation (k=0.71073 Å ). Green block-like crystals were grown from a solution of CH 2 Cl 2 /toluene at room temperature. A crystal of approximate dimensions 0.52·0.48·0.26 mm was lightly coated with epoxy and mounted on a glass fiber. Reflection indexing and cell constants are based on a matrix of 40 well-centered reflections in the range 10.0°=2h ‡24.8°. Additional details: scan method, h/2h; scan rate variable, 2-5 deg/min; background to scan ratio, 0.5; 2h scan range, 5-52°(h: 0/14; k: 0/13; 1: -26/25); 5425 reflections measured; merged to 5168 unique reflections; R int =0.0238; correction for absorption by psi scans. The structure was solved by direct methods and 391 parameters were refined in a full matrix with the SHELXTL PLUS program.
Green plates of 6 were crystallized from an acetonitrile solution at -20°C. A crystal of dimensions 0.22·0.16·0.08 mm was mounted on a standard Bruker SMART CCD X-ray diffractometer equipped with a normal focus Mo-target X-ray tube (k=0.71071 Å ) operated at 2000 W power (50 kV, 40 mA) and LT-2 low-temperature device. The X-ray intensities were measured at 158(2) K; the detector was placed at a distance of 4.939 cm from the crystal. A total of 2172 frames were collected with a scan width of 0.3°in x and / with an exposure time of 30 s/frame. The frames were integrated with the Bruker SAINT software package with a narrow frame algorithm. The integration of the data yielded a total of 123,142 reflections to a maximum 2h value of 52.85°, of which 22,767 were unique data. Owing to the lack of high-angle observed data from the weakly diffracting crystal, resolution of the refinement was limited to 1.08 Å during the refinement, leaving 10,707 unique data and 7146 greater that 2r(I). The final cell constants (Table 2) were based on the xyz centroids of 6025 reflections above 102r(I). Analysis of the data showed negligible decay during data collection; the data were processed with SADABS and corrected for absorption. The structure was solved and refined with the Bruker SHELXTL (version 5.10) software package, using the space group P2/c with Z=4 for the formula C 116 H 159.5 Mn 3 N 13.5 O 14.5 , which includes the contribution of lattice solvate molecules of MeCN and a partial occupancy water molecule. All non-hydrogen atoms were refined anisotropically with the hydrogen atoms located on a difference Fourier map and allowed to refine isotropically or placed in idealized positions. Full-matrix least-squares refinement based on F 2 converged at R1=0.0811 and wR2=0.2298 [based on I>2r(I)], R1=0.1165 and wR2=0.2537 for all data. Selected bond lengths and angles of 1, 2, and 6 are given in Table 2 . (salpn)(acac) was prepared and analyzed as described previously [45] . Mn (1 equiv) . A 10-fold excess of KPF 6 was dissolved in water (100 mL) and added to the MeOH solution slowly to give a brown precipitate. This solid was collected and recrystallized from Table 2 Selected bond lengths (Å ) and angles (°) for Mn(salpn)(H 2 DCBI)(DMF) (1), Mn(III)(salpn)(HMeDCBI) (2), and
111.92(13) 
114.3 (7) a Symmetry transformations used to generate equivalent atoms 6 had been added, 1.0 M TBAOH (0.10 mL) was added. When the addition of Mn starting material had been completed, further TBAOH (0.15 mL) was added. The mixture was stirred at room temperature for another 15 min. The undissolved white solid was removed by filtration, and the greenish brown filtrate was collected. The solvent was removed in vacuo, leaving a dark green solid. A minimal amount of MeCN was added, and this slurry was stored at -20°C overnight. A greenish white solid was filtered and discarded. The remaining filtrate was left at room temperature for slow evaporation (not longer than one day), yielding Mn(dtbsalpn)(H 2 DCBI) (92 mg, 51%), which was filtered as a dark green solid. More green solid (30 mg) was isolated from the remaining filtrate, bringing the total yield to 68%. Analysis: found (calc): C, 63.5 (63.8); H, 7.3 (7.2); N, 7.9 (7.8). IR: m(C=N) 1611, m(N-H) 3152, m(C=O) 1720 cm -1 . X-ray quality crystals were obtained by slow cooling of the filtrate at -20°C. The crystals that were suitable for X-ray diffraction studies contained 6 and 7. Slow evaporation of an MeCN solution of 6 at -20°C yielded green plates of 6, which also co-crystallized with 7 with MeCN and water molecules.
For the preparation of compound 8 (see below), 6 was synthesized as follows: [Mn(dtbsalpn)(H 2 O) 2 ]PF 6 (200 mg, 0.27 mmol) was dissolved in distilled MeCN (35 mL) and placed in a dropping funnel. This solution was added slowly to a mixture of H 3 DCBI (48.3 mg, 0.31 mmol) in MeCN (15 mL) and 1.0 M TBAOH (0.15 mL) under stirring over a period of 3 h. The mixture was stirred further at room temperature for another 3 h. An undissolved white solid was removed by filtration. The resulting greenish brown filtrate was collected and the solvent then removed under vacuum, leaving a dark green solid. A minimal amount of MeCN was added, and this slurry was stored at -20°C overnight. A greenish white solid was filtered and discarded. The remaining filtrate was left at room temperature for slow evaporation, yielding the desired dark green product, Mn(dtbsalpn)(H 2 DCBI) (70% yield). Analysis: found (calc): C, 63.5 (63.8); H, 7.3 (7.2); N, 7.9 (7.8).
[Mn(IV)(dtbsalpn)(H 2 DCBI)](PF 6 ) (8) Complex 6 (100 mg) was dissolved in CH 2 Cl 2 (10 mL) containing 0.10 M TBAPF 6 . This solution was bulk electrolyzed using a platinum mesh electrode maintained at 1.0 V against a silver wire reference placed directly in the analyte solution. The platinum counter electrode was placed in 0.10 M TBA + PF 6 -in CH 2 Cl 2 and isolated from the bulk solution by a fine glass frit. After passage of 11 C, corresponding to one-electron oxidation, the solution had turned a dark green color. 
Results
The ligands used in this study and their respective labels are summarized in Fig. 1 .
Structural description of complexes
Compound 1, shown in Fig. 2 , has the classical coordination geometry for a Mn(III) complex containing a strong tetradentate ligand. The [salpn] 2-donates two phenolate oxygen atoms and two imine nitrogen atoms to form an equatorial complex. The Jahn-Teller axis of the molecule is oriented perpendicular to this plane, with an axially bound carboxylate of H 2 DCBI and a bound DMF [Mn1-O5, 2.291(2) Å ; Mn1-O7, 2.242(2) Å , respectively]. This demonstrates that the neutral imidazole is not a sufficiently strong donor to compete with solvent for the six coordination sites. In the H 2 DCBI -ligand the carboxylate oxygen anti to the imidazole nitrogen is ligated to Mn.
The structure of Mn(III)(salpn)(HMeDCBI) (2, Fig. 3 ) includes a bidentate carboxyimidazole coordination motif. The [salpn] 2-must reorganize from the equatorial conformation seen in Fig. 1 to a b-cis configuration that has been described previously [41, 46] . The bidentate [HMeDCBI] -may be viewed as having a deprotonated and coordinated carboxylate (Mn1-O3, 2.162 Å ) that is hydrogen bonded to the C-5 exo carboxylic acid of the ligand (O5-O6). The formally neutral imidazole binds to Mn at a much longer distance (Mn1-N3, 2.245 Å ). The expected Jahn-Teller axis is predicted to include this weak Mn-N bond. The imine N trans to the imidazole is in fact bound at a longer distance (Mn-N1, 2.111 Å ) than the other imine nitrogen of this complex (Mn-N2, 1.995 Å ) or either imine nitrogen of 1 (Mn-N2, 2.029 Å ; Mn-N3, 2.037 Å ).
Compound 6, Mn(III)(dtbsalpn)(H 2 DCBI), differs from 2 in subtle, yet significant, ways. The carboxyimidazole is not alkylated; therefore the protons may migrate between heteroatoms. This allows for the negative charge to reorient within the ligand. The strong hydrogen bond between O12 and O14 begins to deprotonate the imidazole. As shown in Fig. 4 and Table 2 , this hydrogen bond significantly strengthens the Mn3-N9 bond, which decreases to 2.159 Å . Furthermore, the H-bond network within the ligand (N10-O13 and O14-O12) places more positive charge on the carboxyl group, making the O11 atom behave as a neutral carbonyl donor. The weakening of the carboxyl interaction is reflected in the long Mn-O11 distance (2.265 Å ). The most significant consequence is the switching of the Jahn-Teller axis orientation in 6 compared to 2. In 2, the equatorial plane includes the carboxylate oxygen of HMeDCBI, whereas the imidazole nitrogen fills this position in 6. The rotation of the Jahn-Teller axis profoundly influences the relative orientation of the magnetic (d z2 ) and non-magnetic (d x2-y2 ) e g type orbitals of the Mn(III) ion. We will discuss the potential impact of this manganese orbital reorientation with respect to the OEC below.
Electrochemical properties of the complexes
The cyclic voltammogram of the mononuclear Mn III complex 3 shows a single reversible redox couple at (2) with ellipsoids 50% probability (6) with ellipsoids 50% probability E 1/2 =600 mV (vs. Ag/Ag wire) and the corresponding Mn III complex 6 exhibits an E 1/2 =690 mV (vs. Ag/Ag wire) in dichloromethane. While 3 also has a proton hydrogen-bonded to the carboxylate groups of the ligated (HMeDCBI) ligand, attempts to deprotonate it were not successful, even with bases as strong as benzenesulfonamide (pK a =24.6) [47] . This suggests that the mononuclear dicarboxyimidazole complexes are substantially less acidic than their dinuclear dicarboxyimidazole-bridged counterparts [46] . While we expect that the Mn IV monomer 4 should be more acidic, attempts at deprotonation of this complex led to decomposition.
Spectroscopic and magnetic characterization of complexes
The UV-visible spectra of 2 and 4 were recorded in acetonitrile (Fig. 5) . The visible spectrum of the Mn III complex 3 possesses a shoulder around 400 nm and is consistent with Mn III (salpn)-derived complexes. The oxidized Mn IV complex 4 exhibits two shoulders at 350 and 420 nm and a peak at 710 nm. The band in the visible region is consistent with other high-potential Mn(IV) complexes having the salpn ligand, and is often assigned as a phenolato-to-metal charge transfer band [48] . The moderately intense bands observed in the near-UV region are due to the overlap of the transition of the azomethine with the charge transfer band from phenolic oxygen to the vacant d orbital of the Mn(IV).
The X-band EPR spectra of 4 and 8 are of particular interest (Fig. 6) . Compound 4 shows a broad signal around g=4.4 which follows Curie law behavior. A small signal around g=2 can also be observed. The corresponding Mn IV monomer 8 possesses a broad signal at slightly lower field (g=5.5) than that of 4. The EPR spectra of Mn(IV) complexes are highly dependent upon the zero-field splitting parameter, D. When 2D> >hm (the applied microwave frequency), two dominant signals occur with the low-field resonance (g=4-6) being strong and the g=2 resonance significantly weaker. The systems become more complex when 2D< <hm. Both compounds 4 and 8 have 2D> >hm, as seen in Fig. 4 . The ratio E/D provides a measure of the axiality for the complex. Perfectly axial spectra will have a g%4 resonance whereas the g value will increase with a rhombic electronic distortion. Clearly 8 exhibits a significant rhombic distortion that is not observed for 4.
Magnetic properties of Mn(III)(dtsalpn)(HMeDCBI) (3) and [Mn(IV)(dtsalpn)(HMeDCBI)]PF 6 (4) The effective magnetic moment (l eff ) of the mononuclear Mn III complex 3 is $4.9 BM at room temperature, consistent with a high-spin d 4 electronic configuration. The vT vs. T plot of 3 is shown in Fig. 7A , where it is observed that a marked decrease in vT occurs below a temperature of $30 K. The straight line through the data points represents the best fit of Eq. 1 to these data, where v ave is the spatially averaged value of the molar magnetic susceptibility that includes an isotropic g factor and single-ion anisotropy parameter D. The principle components of the susceptibility tensor, v || and v^, were calculated using the Van Vleck expression, and the second-order perturbation treatment for v ave is valid in the limit D>>gbH:
The fitting procedure yielded best fit parameters of g=1.99 and |D Mn(III) |=4.8 cm -1 for 3. Although it is virtually impossible to determine the sign of D from powder susceptibility data, spin-orbit mixing of ligand field excited states into the ground state usually results in a negative value for D Mn(III) [49] . The D Mn(III) value for 3 that we report here is very similar to values previously reported for other Mn(III) complexes [50] . Similarly, the mononuclear Mn IV complex 4 has a magnetic moment of $4 BM in the high-temperature limit, as expected for an octahedral d 3 electronic configuration. The vT vs. T plot for 4 is shown in Fig. 7B , where it is observed that a marked decrease in vT occurs below a temperature of $30 K in a manner similar to that observed for 3. The straight line through the data points represents the best fit of Eq. 1 to these data, and the fitting procedure yielded best fit parameters of g=2.05 and |D Mn(IV) |=2.9 cm -1 for 3. This is an appreciable value for a d 3 ion which does not possess first-order angular momentum in O h symmetry.
Discussion
The S 2 state g=2 multiline and g=4.1 EPR signals It has been known for many years that the S 2 state of the OEC is EPR active. Dismukes and Siderer [4] discovered a multiline signal that is centered at g%2.0 and Casey and Sauer [51] later reported a signal that appeared around g=4.1. Often, samples can be obtained that contain centers that show either of these two signals [51, 52, 53] . It is clear that the g=2 multiline signal has as its origin a multinuclear manganese cluster that has a ground state S=1/2 spin. The g=4.1 signal has been much more controversial, both in its preparation and the interpretation of its electronic structure. The addition of small molecules such as ammonia can induce the formation of the g=4 signal [20] . It has been reported that low-temperature illumination can trap a g=4.1 signal [30] and/or that stray IR radiation can induce the appearance of this low-field feature [23, 24, 25, 26, 27, 28, 29] . Originally, the g=4.1 signal was thought to be an excited state of the manganese cluster [54] or a monomeric Mn(IV) that was in close proximity to the Mn cluster [55] . Both of these cases invoked an S=3/2 spin system as the signal's origin. Subsequent studies using oriented samples treated with ammonia demonstrated that, for the g=4 signal generated under these conditions, the center responsible for the signal was multinuclear [56] . Furthermore, reports that the g=4.1 signal is actually due to an S=5/2 [18] or, when treated with NO, S=7/2 [57] spin system have been presented. Through these studies, it becomes apparent that there may be several different forms of the cluster that can give a g=4.1 signal and that the structures of these centers are perturbed either in large extent or in a small way from the form that gives the g=2 multiline signal.
Impact of H-bonding on the OEC One possibility for a minor structural perturbation to the system is a trapped protonation state of the cluster. An early explanation for the appearance of the g=4 signal during low-temperature illumination of reaction centers suggested that at 120 K the enzyme was unable to release a proton from the active center; however, upon warming the sample, the proton became mobile and the g=2 multiline signal reappeared [58, 59] . While this model has been present for many years, appropriate model compounds that might test this hypothesis and explain on a molecular level how protons can perturb the magnetic behavior of such a system are rare.
We showed that l 2 -oxo bridges in Mn(IV) dimers can be protonated [48, 60] . This protonation reaction leads to an increase in the Mn-Mn distances by about 0.1 Å and dramatically reduces the magnetic exchange interaction. In these cases, an unprotonated dimer had a Heisenberg exchange constant, J, on the order of -120 cm -1 , while for the singly protonated dimer J was reduced by half (J@-60 cm -1 ). Finally, the exchange coupling in the diprotonated dimer was reduced by another 50 cm -1 (J=-10 cm -1 ). These studies showed that the magnitude of the antiferromagnetic coupling could be significantly perturbed if a ligand bridging to manganese ions was protonated. However, there has been little work to address the structural and potential magnetic exchange interactions of a manganese system in which a non-bridging ligand is protonated.
The compounds presented in this report provide the first example of how perturbations to H-bonding motifs of non-bridging ligands can cause significant structural rearrangements in manganese compounds. These structural changes have a direct impact on the magnetic orbitals of manganese compounds and could lead to marked perturbations in magnetic exchange coupling between metals. Six-coordinate Mn(III) complexes are subject to a Jahn-Teller distortion that results from the energy lowering that occurs by breaking the degeneracy of the partially filled e g orbitals. Usually, this distortion manifests itself as a tetragonal elongation, as is observed in compound 1. Axial distances that are on the order of 0.2-0.3 Å longer than the chemically equivalent bond type in the equatorial plane are typical. In most cases, the elongation occurs in a way that positions the weakest donors on the Jahn-Teller axis. The resultant filling of the d orbitals places the empty d x2-y2 orbital at highest energy. Since Mn(III) ions in a biological environment are always high spin, the d z2 orbital is magnetic (that is, half-filled) while the d x2-y2 orbital is non-magnetic (unfilled). Thus, the orbital that forms r interactions with the strong equatorial ligands is not a magnetic orbital.
The DCBI ligands can bind to metals in either monodentate or bidentate fashion. In compound 1, the monodentate ligand form occurs and the weak carbonyltype oxygen bond (similar in strength to that expected for the carbonyl of DMF) is located on the Jahn-Teller axis. In the bidentate ligand-binding mode, exemplified by compounds 2 and 6, the strong tetragonal environment presented by the salpn(2-) ligand is disrupted. In 2, as shown in Fig. 3 , the carboxylate oxygen atom O3 is trans to the phenolate donor, O2, and the imidazole nitrogen, N3, is trans to the imine nitrogen, N1. The imidazole donor is strictly neutral due to the alkylation of the second imidazole ring nitrogen, N4. The carboxylate group containing the metal binding atom, O3, forms a weak hydrogen bond (using oxygen atom O5) with the carboxylic acid group (using oxygen atom O6). Thus, the carboxylate atom O3 carries residual negative charge that binds the Mn(III). The result is that the tetragonal plane is defined by atoms O1 and O2 (phenolate), O3 (carboxylate), and N2 (imine) and the resulting Jahn-Teller elongation occurs along the N1-Mn1-N3 axis.
In contrast, compound 6, shown in Fig. 4 , contains the ligand with an unmethylated imidazole ring. In this case, the imidazole nitrogen atom N10 forms a hydrogen bond with oxygen atom O13 of the adjacent carboxyl group. This hydrogen bond decreases the negative charge on the carboxyl group and increases the negative charge on the imidazole group. Therefore, N9 carries greater negative charge than N3 of compound 2. Similarly, O14 carries less negative charge than O6 of compound 2. Oxygen atom O12 in 6 is forced to accept more positive charge from this hydrogen bond, which lowers the overall negative charge on the carboxylate moiety.
This causes O11 to be a poorer ligand to the Mn3 atom. The increased donor capability of N9 in conjunction with the decreased donor capability of O11 cause a rearrangement of the Jahn-Teller axis. The strong equatorial plane is formed by N7 and N8 (imine), O9 (phenolate), and N9 (imidazole), whereas the elongated axis contains O10 (phenolate) and O11 (carboxylic acid). This is a remarkable transformation because an imidazole nitrogen replaces a negatively charge phenolate oxygen in the tetragonal plane. The new orientation of the d x2-y2 and d z2 orbitals corresponds to the [N7, N8, O9, N9] plane and the O10-Mn3-O11 axis, respectively. A summary of the H-bonding schemes for these compounds is provided in Fig. 8 .
A related perturbation of Jahn-Teller axes by deprotonation has been reported by Corbella et al. [61] . These authors showed that conversion of a bound hydroxide ion to an aqua ligand on a dinuclear Mn(III) complex dramatically perturbed the magnetic exchange interactions. Therefore, H-bonding changes, as seen in 2 and 6, would be expected to cause significant magnetic perturbations in dimers or clusters as well as simple monomers.
One can imagine a scenario in which oxidation of the manganese cluster in the OEC occurs without the release of a proton from a ligand coordinated to an adjacent Mn(III) ion [in S 2 , the metal oxidation states are Mn(III)Mn(IV) 3 ]. While the proton is trapped, the Mn(III) could have the Jahn-Teller axis oriented in such a manner that the measured Mn(III)-Mn(UIV) antiferromagnetic exchange (J=J af +J f ) is severely reduced either bei decreasing J af or by turning on new ferromagnetic exchange pathways (J f ). Such a cluster configuration could give a large ground-state spin (S=5/2 or 7/2) and a g=4.1 signal. Upon warming, and proton movement, the ligands on the Mn(III) could rearrange, causing a realignment of the magnetic orbitals in such a Fig. 8A , B Hydrogen bonding in compounds 2 and 6. A Complex 2 in which the methyl group of the ligand does not allow hydrogen bonding to the uncoordinated imidazole nitrogen atom. B A strong hydrogen bond is formed between the uncoordinated imidazole nitrogen and uncoordinated carboxylate oxygen atoms. The strength of the bound carboxylate and imidazole nitrogens invert between 2 (strong oxygen, weak nitrogen) and 6 (strong nitrogen and weak oxygen). The direction of the Jahn-Teller axis in the molecules is shown with the dark arrow way as to facilitate antiferromagnetic exchange, giving an S=1/2 ground state and a g=2 multiline signal. EXAFS measurements of the S 2 state with the cluster in the g=2 and g=4 configurations indicate that the structure is invariant [23] . The model presented above would also be expected to cause minor, EXAFS indescernable perturbations to the overall cluster structure.
The structural perturbations observed with these manganese compounds are related to the push-pull mechanisms of H-bonding in heme proteins. Examination of proteins such as hemoglobin or chloroperoxidases reveals that H-bonding of residues to the distal imidazole can dramatically alter the electronic structure of the heme unit and the reactivity of the compound. One can imagine an analogous H-bonding scheme in photosystem II whereby release of protons from the vicinity of the manganese center not only impacts the energetics of water oxidation chemistry (by causing charge neutral transitions), but also directly influences the structural and electronic properties of the cluster itself. The studies reported herein now provide the first documented case where the simple expedient of altered H-bonding on a non-bridging ligand can be directly traced back to a significant structural rearrangement of the manganese coordination sphere.
